Field pennycress (Thiaspi arvense L.) is a species with a cold requirement for the initiation of reproductive development (thermoinduction). Work in this laboratory has been focused on elucidating the biochemical and molecular mechanisms underlying the bolting or rapid stem elongation response that is an intricate part of reproductive development in this species. In the present paper the cellular basis for thermo-induced stem growth was determined. Evidence is presented indicating that bolting results from the production of new cells that elongate to their original length before thermoinduction. This increase in cell division occurs in the pith and cortex approximately 0.5 to 5.0 millimeters below the stem apex. For at least the early stages of thermoinduced stem growth, enhanced cell elongation does not appear to be a factor because average lengths of pith cells from stems of thermo-induced plants were similar or less than noninduced controls. In addition, both the amount of increase in the production of new pith cells and stem growth were positively correlated with the length of the cold treatment. Two other lines of evidence are presented corroborating previous assertions (JD Metzger [1985] Plant Physiol 78: 8-13) that gibberellins mediate thermo-induced stem growth in field pennycress. First, treatment of noninduced plants with gibberellin A3 completely mimicked the effects of a 4-week cold treatment on mitotic activity in the pith and cortex. Second, very little increase in the production of new cells was observed in the pith and cortex of thermo-induced plants of a gibberellin-deficient dwarf mutant of field pennycress. It is also shown that the influence of photoperiod on stem growth is mediated by an effect on the final length that cells ultimately attain.
It is well known that environmental factors play an important role in the regulation of of stem growth. Some of the most dramatic responses to environmental stimuli occur in rosette plants in which internode expansion is minimal until the plants are subjected to changes in specific environmental conditions such as daylength or temperature. The inductive stimuli trigger a sequence of events that result in rapid stem growth (bolting). At least initially, the increase in stem growth is the result of expansion of internodes that existed before the inductive treatment. The bolting response is an integral part of reproductive development and is closely associated with floral initiation (15, 26) .
In many instances, GAs' are an obligate part of the signal transduction pathway leading to bolting, and although the ' Abbreviation: GA, gibberellin. molecular details of GA involvement are not yet clear, it seems likely that alterations in GA biosynthesis and metabolism induced by the stimulus have an important role (15, 26) . In spinach, for example, rapid stem growth resulting from a lengthening of the photoperiod is associated with dramatic changes in endogenous GA levels and metabolism (3, 20) . Moreover, certain enzymes in the GA biosynthetic pathway of this species have been shown to be light regulated (4, 5) .
Our work in this area has centered on elucidating the biochemical and molecular events that underlie thermo-or cold-induced stem elongation in field pennycress (Thlaspi arvense L.). This species has a requirement for a period of low temperature (0-1 5°C) before stem elongation is initiated (14) . Previous results demonstrated that thermo-induced stem growth in field pennycress is mediated by GAs (14) . More recently, we (7) showed that metabolism of the GA precursor, ent-kaurenoic acid is under thermoinductive regulation in the shoot tips, the site of perception of low temperatures (17) , but not in the leaves. We further hypothesized that increased conversion of this compound to GAs following thermoinduction forms the biochemical basis for thermo-induced stem growth in field pennycress (7, 18) .
However, the correlation between specific changes in GA metabolism and macroscopically measurable increases in stem growth is not a straightforward indication of a cause and effect relationship because stem growth is the product of cell elongation and the production of new cells. Thus, the assignment of a causal role for a specific alteration in GA metabolism could be erroneous if it occurred between the onset of measurable stem growth and the cellular events that form the basis of this process. The purpose of the research described in this paper was to determine the cellular basis for thermoinduced stem growth in field pennycress and to compare the timing of cellular changes with other thermo-induced processes.
MATERIALS AND METHODS

Plant Material
With one exception, all experiments were performed with the CR, inbred line of field pennycress (Thlaspi arvense L.) grown under identical photoperiodic and temperature conditions as described before (14, 16) . In one experiment, plants of the single-gene GA-deficient dwarf mutant derived from CR, (EMS-141) were used (19) . Unless otherwise noted, 6-week-old plants were thermo induced by subjecting them to 6°C for 4 weeks (14) . Noninduced plants used in these studies were grown at 21C and, at the time of use, were the same chronological age as the thermo-induced plants.
Before and during the cold treatment, plants were grown under SD conditions consisting of 8 h of high intensity light from fluorescent and incandescent lamps (14, 16) . Unless otherwise noted, plants were subjected to LD immediately following the cold treatment. Noninduced controls were also transferred to LD at this time. Daylength was extended with 16 h of low intensity light from incandescent lamps following the 8-h light regimen described for SD (14, 16) .
Stem elongation was promoted in 8-to 10-week-old noninduced plants by applying 10 gL of an aqueous solution containing 10% (v/v) acetone, 0.05% (v/v) Tween-202, and 10 ,ug GA3 (Sigma) to the shoot tips on alternate days for a total of six applications. Control plants received similar treatments except that no GA3 was included in the applied solution (14) .
Microscopy
All plants used for this study were harvested at 16:00 h. Stems, with all leaves >2 mm long removed, were divided into 1-cm segments and then fixed in an ethanol:water: formalin:acetic acid mixture (5:3.5:1:0.5, v/v, respectively).
The stem segments were then dehydrated in a graded watertert-butanol series and embedded in paraffin (9) . Longitudinal serial sections, 8 gm thick, were prepared from the transverse axis of the stem using a rotary microtome, mounted on glass slides, and then stained with safranin and fast green (9) .
The number of mitotic figures observed in the stained sections was used as a relative indication for the presence of dividing cells in various parts of the stem. The median eight sections of each segment were examined with a light microscope for the number of nuclei undergoing mitosis. All stages ofkaryokinesis were included in the mitotic counts. However, mitotic figures in early prophase were difficult to see, and therefore, many nuclei at this stage of mitosis were probably missed. The data are expressed as the sum of the mitotic figures observed in all eight sections (64Mim total) as a function ofdistance from the stem apex. Data for segments longer than 500 Mm are reported as the sum of component sections.
The lengths of pith cells in the median longitudinal section for each stem segment were determined using a Leitz ocular micrometer. Fifty cells were randomly chosen for measurement in each 500-,um segment beginning at the apex.
The data reported are the results from one replicate. However, all experiments had two replicates and were repeated at least one time with similar outcomes.
Growth Measurements
The length and the number of pith cells of the first four elongating internodes in bolting plants were monitored. From stained longitudinal sections of stems, the distance between two adjacent nodes was determined. Because Macroscopically visible internode growth induced by thermoinduction or GA3 treatment (bolting) was measured with a ruler as described before (14) . It (19) but several days before measurable internode elongation began (14) . A high level of mitotic activity was maintained for at least 1 week before decreasing sharply 14 d after the end of the cold treatment (Table I) . Under conditions used in this study, the decline in the number of mitotic figures coincided with the onset ofthe linear (most rapid) phase of thermo-induced stem growth (14) .
Mitotic figures were widely dispersed in the pith and cortex throughout the length of the stem, although most were observed at distances below the apex of 500 ,um and greater.
Initially, most mitotic activity was localized in an area from 1 to 4 mm below the apex. This distribution of activity gradually spread further down the stem to a maximum of 12 mm at 10 d after the end of the cold treatment before sharply contracting ( Table I) .
The increase in the number of mitotic figures following vernalization was observed only in sections made from the longitudinal axis of the stem; cross-sections from either thermo-or noninduced plants contained very few mitotic figures (data not shown). Table II shows that thermoinduction did not influence the maximum mean length of pith cells in growing internodes, at least not for 14 d after the end of the cold treatment when the most rapid phase of stem growth was commencing (14) . Moreover, as the time after the end of the cold treatment increased, the maximum mean cell length was attained further away from the apex, i.e. there was an inverse relationship between cell length and the amount of mitotic activity when Table I (Tables I and II) . Likewise, in the segments taken 6 to 12 mm below the apex from plants harvested 10 d after the end of the cold treatment, only a modest number of mitotic figures were observed, and the mean cell lengths were intermediate (Tables I and II) . This relationship between mitotic activity and cell length is undoubtedly due to the fact that mean cell lengths in a population will decline as the proportion of recently divided cells increases.
Effect of Thermoinduction on Cell Length
Relative Dependence of Internode Expansion on Cell
Division and Elongation Table III shows the relationship between thermo-induced internode expansion and cell division and subsequent elongation. The internodes chosen for analysis were the first four to elongate during bolting. They (Table III) . This region, which was located between 3 and 4 mm below the apex, also contained a large number of mitotic figures (Table I) . Moreover, the decrease in the average length of pith cells in this region of the stem from 65 ,um at 0 d to 20 ,um at 4 d after the end of the cold treatment (Table II) was almost matched by the increase in the average number of cells per internode.
In subsequent days, the mean internode cell number increased slightly to 27 to 29 cells per internode (Table III) , and this was correlated with few or no mitotic figures observed in the internodes (Table I ). In contrast, internode length increased more than threefold between 4 and 8 d after the end of the cold treatment. During the same period, the average length of pith cells in the expanding internodes increased proportionately with internode growth; these cells elongated more or less to the same lengths as those located 2.5 to 5.0 mm below the apex of noninduced plants (Table II and III) .
Previous work demonstrated a positive relationship between the duration of the thermoinductive cold treatment and several aspects of bolting (14) . Increasing durations of cold treatment resulted in greater stem growth rates, final heights, and shorter times before the onset of measurable thermo-induced stem growth. Therefore, the effect of different durations of cold on length and the number of pith cells in expanding internodes was examined. Field pennycress plants were subjected to 0, 2, 4, or 6 weeks of cold (6°C). At various times after the end of the cold treatments, longitudinal sections of stems were prepared and the average number of pith cells in the first four elongating internodes of bolting plants was determined as described above. Increasing duration of cold treatment resulted in longer internodes and more pith cells per internode (Table IV) . Furthermore, the increase in internode length was entirely due to increased cell number because average cell lengths were the same in all treatments. Interestingly, the proportional changes in cell numbers resulting from the different cold treatments closely paralleled those observed previously for thermo-induced stem growth (Table IV) .
Increasing duration of cold also decreased the amount of time necessary for the internodes to attain the maximum number of pith cells (Table IV) , and these times were closely correlated with the time of initiation of thermo-induced stem growth following the various cold treatments (14) . This is not surprising because the attainment of maximum cell number was associated with internode expansion (Table III) . Nevertheless, the first internodes to elongate were located 7 to 9 mm below the apex for all three thermoinductive treatments.
Role of GA in Pith Cell Division and Elongation
The cellular effects of thermoinduction were, in general, mimicked in noninduced plants by exogenous GA3. Two days after the first treatment, linear arrays of rectangle shaped pith cells appeared 1 to 3 mm below the apex. The region of the pith containing the linear files of cells rapidly expanded during the subsequent treatment period, and as was the case for thermo-induced plants, its lower boundaries were closely associated with the first internodes to expand (data not shown). A modest increase in the number of mitotic figures was observed 2 d after the first application of GA3. The number of mitotic figures peaked dramatically at 6 d, followed by a sharp decline thereafter despite repeated treatments (Table  V) . This peak in mitotic activity preceded the onset of measurable GA-induced stem elongation by 2 to 3 d. The distribution of mitotic figures in the pith of plants treated with GA3 was also similar to that observed in thermo-induced plants, the bulk of which occurred 1 mm below the stem apex (Tables I and V) . Previous work showed that noninduced plants treated with 10 jig GA3 three times a week evoked a growth pattern nearly identical with that induced by a 4-week cold treatment (14) . Consistent with this is the observation that exogenous GA3 caused an increase in the number of pith cells in the first four elongating internodes from 8 to 27 to 30 6 d after the first treatment (data not shown). This is very similar to the timing and the degree of increase in the number of pith cells induced by a 4-week cold treatment (Table III) .
As was the case for thermoinduction, exogenous GA3 had no effect on the maximum length that pith cells ultimately attained in the first 10 mm of the stem, and a similar negative relationship between the number of mitotic figures and cell length was also observed (Table V) . Therefore, as with thermoinduction, GA-induced growth is preceded by a proliferation of pith cells within the growing internode, followed by elongation to pretreatment values.
Although exogenous GA3 elicited a similar response in (19) , coinciding with the beginning of the peak of mitotic activity (Table I) . However, flower primordia did not become evident in the GA3-treated plants until 10 d after the first treatment, which was well after both the peak of mitotic activity was observed and the initiation of bolting. The effect of reduced endogenous GA content on thermoinduced cellular changes in the pith was examined using a single-gene recessive dwarf mutant of field pennycress (EMS-141) that is GA deficient (19) . In this experiment 6-week-old plants of EMS-141 were thermo induced for 4 weeks and then examined microscopically at various times after the end of the cold treatment. As shown in Table VI , the severe effects of reduced endogenous GA levels on thermo-induced stem growth in the dwarfwere associated with a profound reduction in mitotic activity in the pith. Likewise, fewer mitotic figures were observed in the cortex as well (data not shown). In contrast, pith cell lengths were similar or greater (especially lower down the stem) than in the wild-type plants (Tables III   Table VI 
Effect of Photoperiod on Cell Division and Elongation
Previous work showed that photoperiod has a strong influence on thermo-induced stem growth in field pennycress (14) . Both thermo-and GA-induced stem growth are synergized by LD (14) . It was of interest to examine the cellular basis for the differences in thermo-induced stem growth under LD or SD. Table VII shows that both the timing and the amount of mitotic activity in pith cells were similar under either photoperiodic regimen, although there were slightly more total mitotic figures observed under LD. Likewise, no differences in mean cell lengths were observed in the first 10 mm below the apex (Table VII) .
However, differences in thermo-induced stem growth in plants subjected to either LD or SD are more apparent when plants reach the linear phase of growth, 12 to 14 d after the end of the cold treatment (14) , and therefore, it should be easier to detect differences in cell lengths in mature internodes. To examine this, plants were thermo induced for 4 weeks and then allowed to mature under either LD or SD. After 4 to 5 weeks when growth ceased (14) , internodes were taken from positions at 0 (apex), 25, 50, 75, and 100% (base) of the length of the stem from the apex, sectioned, and examined microscopically as described before. Because the same total number of leaves are produced in thermo-induced plants under LD or SD (unpublished observations), internodes taken from the same relative section of the stem were developmentally comparable. Table VIII shows that the mean cell lengths in internode sections from the LD grown plants were considerably longer than those in corresponding sections from SD. There was no additional increase in the number of pith cells in the basal elongated internodes over that observed 2 weeks after the end of the cold treatment. Thus, the pith cells retain the capacity to elongate extensively well after they lose the ability to divide.
DISCUSSION
One of the primary objectives of the research described in this paper was to identify the cellular processes that underlie thermo-induced stem growth in field pennycress. As in other rosette plants, extremely short internodes are continuously produced until the appropriate environmental signal induces a caulescent growth habit. An important feature of bolting, whether induced by vernalization or photoperiod, is that internodes that were formed before the inductive signal elongate first and, therefore, are responsible for the initial phases of the increase in stem growth (22) . In the case of field pennycress, these internodes were located about 7 to 9 mm below the apex.
The length that an internode ultimately attains is a product of the number of cells within the internode and their length. The most obvious morphological change in the expanding internodes following thermoinduction was an increase in the number of pith cells (Table III) . In addition, longer cold treatments resulted in internodes with increased numbers of pith cells that were proportionally similar to the effects on thermo-induced stem growth (Table IV) . However, the average lengths of pith cells in the internodes from thermoinduced plants were not different from those in noninduced plants (Tables II and IV) . This leads to the conclusion that, although increased cell division following thermoinduction cannot contribute directly to growth (10, 12) , it does provide more cells that elongate more or less to the same extent as those in noninduced plants during the early stages of bolting. Thus, the primary cellular process that controls thermo-induced stem growth in field pennycress is cell division, although it can only potentiate the maximum length the stem will ultimately attain. Consistent with this was the observation that the duration of the cold treatment affected the number of pith cells in internodes proportionally to the effects on stem growth (Table IV) .
The increase in mitotic activity following thermoinduction was restricted to a region beginning about 500 Mm below the apex and gradually spread down the transverse axis of the stem as growth progressed (Table I) . Changes in mitotic activity occurring in the apical meristem were not observed, although any mitotic figure with a spindle apparatus lying in a plane not closely parallel to the longitudinal axis of the stem would go undetected. In any event, the results are consistent with the view of dicot stem histogenesis first proposed by Harting (6) and later elaborated by Sachs and coworkers (22) (23) (24) (25) , which holds that the cells responsible for stem growth originate from mitotic activity in a meristematic region distinct from the eu-or true apical meristem termed the subapical meristem. This meristem encompasses a broad region of pith and cortical cells beginning about 100 ,um below the apex and extends considerably throughout the growing portion of the stem (22) .
In other dicots the subapical meristem, not the eumeristem, appears to be the target tissue for GA-induced stem growth (23) (24) (25) . For two reasons, this appears to be true for field pennycress as well. First, application of GA3 to noninduced plants caused an increase in mitotic activity that was nearly identical with respect to degree and distribution as a 4-week thermoinductive cold treatment (Table V) . Second, no comparable increase in the number ofmitotic figures was observed following thermoinduction of a GA-deficient dwarf mutant (Table VI) . The fact that GA and thermoinduction have identical target tissues and elicit the same cellular response provides support for our previous contention that GA mediates thermo-induced stem growth in this species (14) . Interestingly, GA-deficient dwarf mutants of other species also exhibit greatly reduced numbers ofcells in the pith and cortex, and this forms the morphological basis for the dwarf growth habit (1, 3, 21) . Thus, during the vegetative phase of the life cycle when field pennycress plants are rosettes, they behave as GA-deficient dwarfs.
How thermoinduction or GA affect the regulatory controls of cell division is unknown, but it must involve an acceleration of the cell cycle because increasing duration of cold treatment resulted in the production of progressively more pith cells in a shorter period of time (Table IV) . Indeed, exogenous GA3 reportedly reduces the length of the G' and S phases of the cell cycle in the subapical meristems of dwarf watermelon seedlings (11) .
Plants grown under noninductive conditions continuously produce new leaves. This means that, depending on the treatment used to induce stem elongation (e.g. 2, 4, or 6 weeks of cold or exogenous GA3), the plants had different numbers of internodes when the treatments were begun. However, in all cases the responsive regions ofthe pith were located further than 1 mm below the apex. The maximum distance from the apex that mitotic activity extended was also similar in all treatments (Tables I and V) . Moreover, the first internodes to expand were always located between 7 and 9 mm below the apex. This indicates that GA sensitivity is developmentally regulated and apparently related to the maturation of cells in progressively older internodes. The biochemical basis for the loss of GA sensitivity in older internodes is unknown but may be related to a loss of receptor function and/or other aspects of the GA signal transduction pathway. Whatever the reason, the developmentally related loss of the ability to divide in response to GA represents a mechanism that influences the final length of an internode. The number of cells within an internode will be determined by the rate of cell division and the length of time that this process proceeds. By restricting the time period in which cell division within an internode occurs, the total number of new cells produced in response to vernalization will be limited by the rate of cell division. In this way the increased rate of pith cell production resulting from progressively longer cold treatments (Table IV) can result in longer internodes.
In certain tissues of other species, GA appears to regulate growth partly or mostly by controlling the length that individual cells ultimately attain (2, 10, 13) . However, there was no evidence for a direct effect of GA on cell elongation (Tables  V and VI) . In fact, pith cells in the GA-deficient dwarf mutant elongated to nearly the same extent as those in mature internodes of the noninduced wild-type plants under LD and were actually longer than those from wild-type plants subjected to Plant Physiol. Vol. 97, 1991 SD (Tables VI and VIII) . Similar observations were made in other species in which GA regulates growth by modulating mitotic activity in the subapical meristem (23) (24) (25) . In contrast to the effect of GA on cell division in these cases, GA influences growth via an effect on cell elongation in other tissues such as light-grown lettuce hypocotyls in which cell number is essentially constant when the bulk ofgrowth occurs (10, 12) . This indicates the existence of two different mechanisms of GA action in growth regulation, the operation of which depends on the organ: one primarily for indeterminate growth such as that exhibited by stems in which GA regulates production of new cells and a second for growth of organs such as hypocotyls in which growth in the light occurs after the formation of most or all of the cells. Thus, there may be more than one GA signal transduction system within a plant, each being tissue specific.
Whereas thermoinduction and GA exert their effects on stem growth in field pennycress through modulation of cell number, photoperiod influences growth by altering the maximum length cells attain (Tables III and VIII) . This indicates that LD and GA increase stem growth through different mechanisms and demonstrates that cell division and elongation have separate regulatory inputs. Consistent with this are previous observations that LD cannot substitute for cold in the induction of stem growth but does synergize GA-induced growth in noninduced plants (14) . An identical dichotomy also exists in the cellular bases for GA-and LD-induced petiole growth in field pennycress as well (16) . Moreover, the daylength extensions must contain far red light to increase both petiole (16) and thermo-induced stem (unpublished results) growth, suggesting a common response to changes in light quality that may occur, for example, when plants become shaded by competitors (8) .
The timing of the cellular events caused by thermoinduction have a strong bearing on the assignment of a cause and effect role for specific changes in endogenous GA levels. A sharp increase in mitotic activity was observed 4 d after the end of a 4-week cold treatment. Therefore, if an increase in the level of an endogenous GA is responsible for thermoinduced stem growth, it must occur before this time and be maintained during the entire period of high mitotic activity from 4 to 10 d after the end of the cold treatment (Table I) . Likewise, such changes must occur in the target cells of the subapical meristem.
Similar considerations in timing also apply in metabolism studies as well. The results of this study are presently being used in this laboratory in the design of studies on thermoinduced changes in the levels of endogenous GAs and GA precursors, as well as the regulation of GA biosynthesis in relation to thermo-induced stem growth in field pennycress.
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